role in HDLI using human samples.
Blood samples from 10 children with HDLI and 10 healthy control children with no exposure to HDs were used to analyze methylation profiles. Clinical characteristics of the study population are summarized in Table 1 . The mean age at diagnosis of HDLI was 35.4 months (range, 12-81 months) and blood samples for methylation analysis were obtained at a mean age of 11.4 years (range, 7-15 years). Male-to-female rate was 7:3. None of the children in sex-matched control group had any respiratory diseases and their mean age was 7 years. DNA extracted from the peripheral blood mononuclear cells of each subject was analyzed using Infinium Human MethylationEPIC BeadChip (Illumina, San Diego, CA, USA). For quality check (QC) of the methylation data, beta-mixture quantile normalization, and Pearson's correlation (range: -1≤r≤1) for reproducibility between samples were performed. For QC of the transcriptome data, all data were normalized with the robust multi-average method implemented in in Affymetrix ® Power Tools (Thermo Fisher Scientific, Waltham, MA, USA). Statistical significance for differentially methylated CpG sites was set at |Δβ|>0.2 and p<0.05 using a t-test. Ingenuity ® Pathway Analysis (IPA, Ingenuity Systems, Redwood City, CA, USA) was used to represent the functional networks of genes containing differentially methylated CpG sites. Transcriptome analysis was performed using lung tissues from five pediatric patients with HDLI and five control children. Lung tissue was obtained from children with no abnormal lung lesions from Bio-Resource Center at Asan Medical Center to form a control group. The Institutional Review Board of Asan Medical Center reviewed and approved the study protocol (IRB No. 2016-0885).
A total of 171 CpG loci (79 hypermethylated, 92 hypomethylated) showed significantly differential methylation patterns in children with HDLI compared to the controls (Fig. 1A) , with a distinctive clustering observed between the two groups ( Fig. 1B) ( Table 2 ). The top 25 hypomethylated and 25 hypermethylated CpG loci are listed in Table 2 . SYT8 cg09575189 showed the highest hypomethylation level (|Δβ|=0.433, p=0.003), whereas cg26786615 (chr16: 86593603) had the highest hypermethylation level (|Δβ|=0.519, p=0.0006). However, there are a few func-tional studies of these two genes and no reports in existing literature that provide any clues to the associations between them and fibrosis and/or lung diseases. Potential upstream and downstream regulators of NOTCH1 based on IPA network analysis and its signaling (https://www.rndsystems.com/pathwyas/notchsignaling-pathway) are described in Table 3 .
NOTCH1 cg14065526 showed a significant degree of hypomethylation (|Δβ|=0.304, p=0.016). In further network analysis of the genes containing differently methylated CpG sites, "cancer, organismal injury and abnormalities, reproductive system disease (score=41)" was identified as the top network for HDLI, indicating NOTCH1 as a hub gene (Fig. 1C ). The cg14065526 (chr9: 139406352) of NOTCH1 showed a significantly hypomethylated level (|Δβ|=0.304, p=0.016). NOTCH1 transcripts from lung tissues were significantly elevated in HDLI cases compared to unexposed controls (p=0.05, each group n=5) ( Fig. 1D ).
Our present findings from methylation and transcriptome analysis of human blood and lung tissues have identified that NOTCH1 is involved in the pathogenesis of HDLI. This is the first study to investigate DNA methylation changes and network analyses combined with transcriptomics in pediatric patients with HDLI, which may partially explain the underlying mechanisms of HDLI.
Although NOTCH1 may be common to the mechanisms of other types of ILDs, 8 the results of our current analysis suggest that it also plays a central role in the mechanism of HDLI. Notch1 is involved in angiogenesis, abnormal remodeling of vessels, and mucus hypersecretion, and thereby is associated with pathogenesis of diverse lung diseases. 9 The apoptosis of bronchial epithelial cells following exposure to toxic chemicals affects the clearance of apoptotic debris combined with lung fibrosis. 10 The overexpression of NOTCH1, which is related to its gene hypomethylation, as shown in this study, promotes the differentiation of myofibroblasts, which is a critical step in pulmonary fibrosis. 3 NOTCH1 has been identified to be involved in bleomycin-induced lung diseases and paraquat poisoning, for which the main mechanism is pulmonary fibrosis. 11, 12 The results of previous reports and our present findings provide strong evidence for the involvement of NOTCH1 in the pathogenesis of fatal fibrotic lung diseases and give new insights into the possible mechanisms of lung injuries caused by inhalation of unidentified but harmful chemicals that are commonly used.
The inhalation of toxic chemicals damages the epithelial lining in the airway, initiating a series of processes including disruption of epithelial lining, alterations of diverse mediators and chemokine levels, and induction of epithelium-to-mesenchymal transition (EMT). 13 NOTCH1 regulates EMT through vari-ous signaling factors, such as TGF-β, NF-κB, and β-catenin. 10 It has been reported that exposure to PHMG phosphate can induce EMT in a dose-dependent manner. 14 A previous study identified that PHMG could induce EMT through the Akt/Notch signaling pathway. 15 This prior evidence, in combination with our current data, further supports the notion that NOTCH1 plays a role in the pathogenesis of HDLI via EMT following exposure to HDs that contain PHMG. Our study had some limitations, including its small sample size. However, the results of the current study are significant in that HDLI is an exceptional disease, and the acquisition of blood and lung tissue in our patients was not easy. In our present cohort, there were time lags with a mean of 9 years between diagnosis of HDLI and blood sampling. The methylation patterns in the blood obtained after a time lag of 9 years may have been affected by diverse factors. 16 A previous study showed that less than 30% of individuals showed methylation changes in epigenome-wide DNA methylation analysis on average 11 years apart, even with intra-individual variations. 16 We could not perform methylation analysis in human lung tissues in the current study, as these samples were not available. In spite of the limitations, methylation changes observed in the present study could be helpful to elucidate the mechanisms underlying HDLI with stable disease state.
In conclusion, we have identified NOTCH1 pathways as one of the possible main fibrogenetic mechanisms of HDLI in children following exposure to PHMG phosphate. Further identification and elucidation of the mechanisms underlying this fatal lung disease are essential for the future development of therapeutics and prevention of lung diseases after exposure to harmful domestic chemicals. Upstream regulators are predicted using Ingenuity Pathway Analysis. Downstream regulators of NOTCH1 are notified from (https://www.rndsystems.com/pathways/notch-signaling-pathway). Formalin-Fixed Paraffin-Embedded lung tissue specimens from HDLI cases (n=5) and controls (n=5).
